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Abstract

Most human cancers express telomerase but its activity is highly variable and regulated by complex mechanisms. Recently, we have
proposed that Ets proteins may be important for regulation of telomerase activity in leukemic cells. Here we provide further evidence for
the role of Ets family members and related Id proteins in telomerase regulation and characterize the underlying molecular mechanisms. By
using PCR-based and gel shift assays we demonstrated specific binding to a core hTERT promoter of Ets2, Flil, 1d2, c-Myc, Madl, and
Spl in lysates from subclones of U937 cells. Further analysis of binding of purified proteins and various mutants of the hTERT promoter
suggested the existence of a trimolecular Ets-1d2-DNA complex, and Ets inhibitory activity mediated by c-Myc and the Ets binding site
on the core hTERT promoter at —293 bp from the transcription initiation site as well as a positive Ets regulatory effect mediate through
another Ets binding site at —36 bp. This analysis provided evidence for the existence of negative and positive Ets regulatory site and
suggested a complex interplay between Etg/ld family members and c-Myc that may be an important determinant of the diversity of

telomerase activity in leukemia and other cancers.
© 2003 Elsevier Inc. All rights reserved.
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Introduction

Telomerase is a RNA-dependent ribonucleoprotein poly-
merase that elongates telomeric repeats at the chromosome
ends and may have other functions that are currently under
investigation (Fu et al., 2002; Greider and Blackburn,
1989). Most human cancers express telomerase but its ac-
tivity is highly variable and regulated by complex mecha
nisms (Cong et al., 2002; Ducrest et al., 2002; Kyo and
Inoue, 2002; Shay and Bacchetti, 1997). The transcriptional
regulation of the expression of the human telomerase cata-
lytic subunit with reverse transcriptase activity (hTERT)
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appears to be amajor determinant of the telomerase activity
regulation (Ducrest et al., 2001; Kyo and Inoue, 2002). The
hTERT promoter does not contain a TATA box, and the
200- to 400-bp region proximal to the transcription initia-
tion siteisresponsible for most of itstranscriptional activity
(Cong et al., 1999; Horikawa et a., 1999; Takakura et al.,
1999). Multiple E-boxes, Spl, Ets, and other binding sites
for transcription factors are located in this core promoter
region. c-Myc binds to these E-boxes through heterodimer
formation with Max proteins and directly activates the
hTERT transcription (Greenberg et a., 1999; Wu et al.,
1999). Binding of the c-Myc antagonists, Mad proteins, as
Mad/Max complexes decreases the activity of the hTERT
promoter (Gunes et al., 2000; Kyo et al., 2000; Xu et al.,
2001). Spl aso hinds to the core promoter and activates
hTERT transcription (Kyo et a., 2000). Although overex-
pression of c-Myc is frequently observed in a wide variety
of tumor types, and in some cases expression levels of
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c-Myc and Spl correlate with the levels of telomerase
activity at different stages of transformation (Kyo et a.,
2000), some tumors lack c-Myc overexpression despite the
presence of telomerase activity. Spl protein is abundant in
some types of normal cells that do not have high telomerase
activity. Thus, the wide divergence of telomerase activity in
cancer cells and the cancer-specific telomerase activation
may require additional factors yet to be discovered.

Recently, we have found that Ets2 binds specifically to
the hTERT promoter and proposed that these proteins and
their partners, Id proteins, can play arole in the regula-
tion of telomerase activity (Xiao et al., 2002). Indepen-
dently, Maida et al. (2002) found that Ets proteins are
important for telomerase regulation—they can enhance
epidermal growth factor—-mediated telomerase up-regula-
tion in cancer cells. The Ets family of transcriptional
factors, which is defined by a highly conserved 85-amino
acid Ets DNA binding domain (EtsDBD), has more than
30 members and is involved in many important cellular
functions, including differentiation, senescence, apopto-
sis, and tumor suppression (Maroulakou and Bowe, 2000;
Sharrocks, 2001; Suzuki et al., 1995). Ets family mem-
bers have more than 200 targets identified, and the num-
ber isincreasing. Id is a family of proteins that function
as positive regulators of cell growth and inhibitors of cell
differentiation (Lasorella et al., 2001; Zebedee and Hara,
2001). They form heterodimers with other helix—oop—
helix transcription factors, which drive cell differentia-
tion and lineage commitment upon expression, thus in-
terfering with their DNA binding ability. 1d2 was shown
to be the oncogenic effector of N-Myc in human neuro-
blastoma (Lasorella et al., 2000, 2002). Myc expression
resulted in increased levels of 1d2 that can neutralize the
function of Rb to block cell cycle progression. Id1 inhib-
ited the senescence induced by high expression of
p16'N%4@ which was transcriptionally up- regulated by
Etsl,2; the inhibitory effect of 1d1 on Etsl,2-induced
senescence was through direct Id1l/Ets association
(Ohtani et al., 2001).

The complex interplay of Ets/ld proteins and Myc
proteins in the regulation of processes such as cell pro-
liferation, differentiation, and senescence, which corre-
lates to certain extent with telomerase activity, the pres-
ence of multiple Ets consensus binding sequences
-GGAA- in the hTERT promoter, and recent data (Maida
et al., 2002; Xiao et al., 2002) indicating a role of Ets
proteins in telomerase regulation prompted us to exten-
sively characterize the role of Ets/ld, Myc, and Spl
proteins in telomerase regulation. Here we provide evi-
dence that Ets family members and their antagonistic Id
proteins are directly involved in negative and positive
telomerase transcriptional regulation, suggesting the ex-
istence of a complex regulatory network controlling te-
lomerase activity in diverse cancer cells.

Materials and methods
Cells and viruses

Frozen cell pellets and cell cultures from the NCI 60
cancer cell line panel were obtained from the Biological
Test Branch, Developmenta Therapeutics Program (DTP),
NCI. The human promonocytic histiocytic lymphoma U937
line (Sundstrom and Nilsson, 1976) clones 10 (plus clone)
and 17 (minus clone) were provided by H. Moriuchi (Na
tional Institute of Allergy and Infectious Diseases (NIAID),
NIH, Bethesda, MD) and propagated in RPMI 1640 with
10% FCS (Moriuchi et a., 1997). The human myeloid
erythroleukemialine K562 cells (Lozzio and Lozzio, 1975)
were purchased from the American Type Culture Collection
and were cultured in RPMI 1640 supplemented with 10%
fetal bovine serum plus antibiotics. Retroviral expression
constructs expressing FLI-1 (Athanasiou et al., 1996),
ETS1 and ETS-2 (Clausen et a., 1997), and ERF and
FLI-1-ERF hybrid (Athanasiou et a., 2000) were used to
generate helper free virus stocks. High-titer viruses were
prepared from PA317 packaging cells (Miller and Butti-
more, 1986) infected with supernatant from ecotropic CRE
packaging cells (Danos and Mulligan, 1988). K562 cells
were infected with the retroviruses and selected by growth
in media containing 0.8 mg/ml Geneticin (Gemini, Calaba
sas, CA) starting 24—48 h after infection.

Antibodies and plasmids

Antibodies to CKR2 (C-20), 1d1 (C-20), 1d2 (C-20), 1d3
(C-20), Ets1 (N-276), Ets-2 (C-20), Hi (C-19), c-Myc
(N-262), Max (C-124), Madl (F1-221), and Sp1 (1C6) were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). CTCF C-terminus antibody (06-917) was purchased
from Upstate Biotechnology (Lake Placid, NY). For quan-
titative telomerase activity assay, the TRAP XL kit was
purchased from Intergen (Purchase, NY). Genomic DNA
was isolated using the Puregene DNA isolation kit from
Gentra (Research Triangle, NC). Luciferase reporter gene
constructs carrying different length of hTERT promoter
were reported previously (Horikawa et a., 1999) and used
in this study to generate a probe of different length in the
EMSA and PCR-based DNA/protein interaction protocol.
We used the same numbering system on the nucleotides
within the hTERT promoter as in our original publication
(Horikawa et al., 1999).

Telomerase activity assay

Cells were washed once with ice-cold PBS and their
numbers counted. The cell pellet was either lysed immedi-
ately or frozen at —80°C until use. Telomerase activity was
determined quantitatively by using the fluorescence-based
TRAPgze XL Telomerase Detection Kit from Intergen. All
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experimental steps, calibration, and quantitations were car-
ried out according to the manufacture’s protocol. The fluo-
rescence signal was captured using the CytoFlour series
4000 fluorocytometer from PerSeptive Biosystems.

PCR based DNA—protein interaction assay and EMSA

Antibodies (1 ug each) against various transcriptional
factors were blocked to the bottom of Poly-Sorb NUNC
96-well plates (Nalgene Nunc International). Cell lysate
from 2 X 10° cells prepared for telomerase activity assay
was added to each well and incubated overnight at 4°C.
Each well was then washed twice with 200 ul of the same
lysis buffer used to prepare the cell lysate. The wells were
equilibrated with a DNA—protein interaction buffer (DPIB)
containing 10 mM Tris-HCI (pH 7.4), 50 mM KCI, 5%
glycerol, 0.25 mM EDTA, and 2.5 ug/50 wl of salmon
sperm DNA, at 4°C for 30 min. After the equilibration
buffer was removed, 50 ul of the DPIB containing 20 g of
the 408-bp hTERT promoter DNA was added to each well
and incubated at room temperature for 30 min. Each well
was then washed three times with the DPIB without hTERT
promoter DNA. NaOAc buffer (300 mM/0.1 ml) was then
added to each well to dissociate the DNA bound to the
protein. The DNA was then precipitated by adding 80 ul of
isopropyl acohol to the DNA solution and centrifuged at
14,000 rpm in a refrigerated Eppendorf centrifuge for 30
min. The pellet was washed with ice-cold 70% ethanol and
air dried. Double-distilled water (50 ul) was added to the
DNA pellet and 5 ul was used for PCR anaysis with
primers. 5" GCG CTT CCC ACG TGG 3’ for upstream and
5’ CTC GCG CCG CGA GG 3’ for downstream. The PCR
was performed at 94°C for 30 s, at 52°C for 30 s, and at
72°C for 45 s for atotal of 28 cycles, followed by a 72°C,
5-min step. A DNA fragment of 200 bp was generated by
this procedure. For EMSA, 149-, 208-, and 408-bp frag-
ments of the hTERT promoter DNA (Horikawa et al., 1999)
were end-labled with a-*? p-dATP and 10° cpm equivalent
of each probe was used in each EM SA reaction. The EMSA
buffer was the same as that used in the PCR-based assay.
The DNA probe and the purified protein (or nuclear extract)
were incubated in the EM SA buffer at room temperature for
25 min before being loaded to a 4% nondenaturing poly-
acrylamide gel and run in 0.5% TBE buffer. The gel was
dried and exposed to X-ray film.

Transient transfection and luciferase activity assay

K562 cells (2 X 10°) were transfected with 4.5 ug total
DNA using D-MRIE (Life Technologies) according to the
manufacturer’s instructions. The control plasmid pGL3 ex-
pression vector, which lacks an eukaryotic promoter, was
utilized as anegative control. All plates aso received 0.5 ug
of RSV-gad, as a control for transfection efficiency. Forty

hours after transfection, cells were lysed in Passive Lysis
Buffer (Promega, Madison, WI), and luciferase and B-ga-
lactosidase (B-gal) activities were analyzed using the Pro-
mega Luciferase Assay System (Promega) and Tropix Ga-
lacto-Light Plus Kit (Tropix, Bedford, MA), respectively.
Relative luciferase activities were determined for duplicate
samples in three to five separate experiments and were
normalized by setting al B-gal levels to be equal. Point
mutations within the hTERT promoter were generated using
the QuickChange Site- directed Mutagenesis Kit from Strat-
agene.

Results

Soecific interactions between Ets family members, 1d2,
and a core hTERT promoter

We have previously shown that Etsl and Ets2 bind to a
core hTERT promoter by using a sensitive PCR-based assay
for detection of protein-DNA interaction that are below the
sensitivity of the gel shift assay. By using the same assay we
found that another Ets family member, Flil, and 1d2 aso
bind specifically to a core hTERT promoter in cell lysates
from two subclones of U937 cells (Fig. 1a). The relative
amount of bound promoter DNA was proportiona to the
amount of Flil or 1d2 in the cell lysates from minus and plus
U937 cells as measured by Western blotting. 1d2 lacks DNA
binding domain (DBD) and its binding is likely mediated
through another protein. We also found that c-Myc and Spl
bind the hTERT promoter in lysates from plus cells but not
from minus cells while Madl binds the hTERT promoter in
lysates from minus cells that is consistent with their levels
of expression in these cells (data not shown). Except the Spl
binding to the hTERT promoter, al these protein-DNA
interactions were not detectable in cell lysates by the gel
shift assay (data not shown).

To further characterize the interactions between Ets pro-
teins, 1d2, and a core hTERT promoter, we expressed a
protein containing the EtsDBD and the full-length 1d2 as
His-tagged fusion proteins in Escherichia coli and tested
their binding to the core hTERT promoter by the gel shift
assay. The EtsDBD bound to the hTERT promoter (Fig. 1b).
Mutation of sites A and B (see Fig. 1) simultaneously or the
use of shorter promoter DNA sequences that do not contain
sites A and B significantly reduced but did not eliminate the
EtsDBD bhinding (Fig. 1c). Mutation of Ets binding sites C
and one of the two -GGAA- sequences in D did not lead to
a significant further decrease of the Ets-DNA complex
mobility (data not shown). Mutation of site A alone resulted
in the highest level of binding inhibition (data not shown),
suggesting its dominant role in the EtsDBD interaction with
the hTERT promoter. 1d2 protein expressed and purified
through exactly the same procedure did not bind to the core
hTERT promoter and did not inhibit the interaction of
purified EtsDBD with the hTERT promoter in the gel shift
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Fig. 1. Specific binding of Ets family members to hTERT promoter. Shown in the center is the schematic representation of the hTERT core promoter
controlling the expression of the luciferase reporter gene. Ovals represent potential Ets binding sites containing -GGAA- core sequences. Arrows mark the
positions of nucleotides corresponding to the numbers derived from the original publication describing the characterization of the hTERT promoter. (a)
Specific binding of ETS-DBD to hTERT promoter. ETS-DBD expressed in E. coli was shown to bind to hTERT promoter specifically. The full-length core
promoter with 408 bp was used in EMSA assay. Those lanes underlined and marked with WT are EMSA with wild-type promoter and the rest marked with
AB are EMSA with the same promoter but sites A and B mutated to -TTAA-. For both WT and AB promoter, the same increasing amount of ETS-DBD
was used in EMSA. For WT promoter, 80 ng of specific competitors O1 and O2 were also used in EMSA, with O1 containing -GGAA- sequence and O2
having -GGAA- changed to -AGAA-. Ab indicates that ETS-DBD antibody was included in EMSA assay. —, promoter control. The same amount of
ETS-DBD was used in lanes 2, 5, and 6. (b), fragments of hTERT promoter were aso recognized by ETS-DBD. HTERT fragments in the length of 149 and
208 bp were recognized by ETS-BDB. The same increasing amount of ETS-DBD was used in EMSA assay with both fragments. (c) Specific binding of ETS
factors from cell lysate to hTERT promoter. Antibodies used in the capture of various factors, cell lysate, and specific competitors were indicated. + and
—, Plus and minus cells. The amount of O1 and O2 used was the same asin EMSA. (d) Lack of inhibition of ETS-DBD DNA binding by |d2. Same amount
of increasing concentration of 1D2 was added to 408-bp promoter in the absence of or in different amount of ETS-DBD.

assay (Fig. 1d). The protein samples of EtsDBD and 1d2
used in the EMSA assay are shown in Fig 2.

The purified EtsDBD also bound to purified 1d2 as dem-
onstrated by two independent sets of experiments—coim-
munoprecipitation by use of anti-Id2 and anti-EtsDBD an-
tibodies (Fig. 2 and data not shown) and the use of 1d2-GST
fusion proteins that associated specifically with Ets factors
(Fig. 3). The Id2—Ets interaction is likely determined by the

balance of repulsive electrostatic and attractive hydrophobic
interactions as demonstrated by their increased binding in
solutions of increased ionic strength (Fig. 4). Overall these
results demonstrate the possibility for existence of a trimo-
lecular Ets-|d2-DNA complex in which 1d2 binds to the
EtsDBD but in a region that is distinct from the DNA
binding site, and EtsDBD binds predominantly to the A site
on the hTERT promoter.
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Fig. 2. Specific association between 1d2 and ETS-DBD shown by coimmunoprecipitation. (Left) 1d2 and ETS-DBD expressed in E.coli and purified using
nickel ion column. (Right) Anti-ld2 antibody can immunoprecipitate ETS-DBD in the presence of 1d2, but not when 1d2 is absent.

Downregulation of telomerase activity by Ets and
upregulation by 1d2

To test the functional significance of Ets and 1d2 inter-
actions with the hTERT promoter, we expressed Ets pro-
teins and 1d2 and measured telomerase activity in cell
lysates. Telomerase activity was decreased in K562 cells
transiently or stably transfected either with Etsl or Ets2
or with a hybrid of Flil and Erf but not significantly when
transfected with Flil or Erf aone; in contrast 1d2 trans-
fection increased telomerase activity, although c-Myc and
Spl levels did not change (Fig. 5 and data not shown).

These results suggest the existence of an inhibitory effect on
telomerase activity by Ets proteins, with Etsl being of
highest activity of those tested, and an up-regulatory effect
by 1d2.

Contrasting effects of Ets binding sites on the hTERT
promoter activity—existence of a positive regulatory site

To find whether the hTERT promoter is the direct target
of Ets and how various Ets binding sites on the promoter
affect its activity, we used a 408-bp hTERT promoter con-
trolling a reporter luciferase gene expression and mutated
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Fig. 3. Specific association between |d2 and Ets factors revealed by GST pull-down experiment. 1d2 was expressed as a fusion protein with GST and used
in the pull-down experiment with cell lysate from plus cells. (Left) Cell lysate from plus and minus cells, purified GST and GST-1D2, and protein pull down
by GST and GST-ID2 on a Comassie blue-stained gel. (Right) Western blots with indicated antibodies on the samples shown also on left by Comassie blue
stain. M, molecular weight marker shown in kDa; L1, lysate from plus cells; L2, lysate from minus cells; G, GST only; G-d, GST-d2.
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Fig. 4. Specific association between 1d2 and ETS-DBD was increased by increased salt concentration. MBP-ETS-DBD and His-tag-1d2 were coexpressed
in E. coli and subjected to purification by nickel ion column. In each panel, lanes 1-4 represent crude cell lysate, washed with loading buffer, eluted with
washing buffer containing 50 mM imidazole, and eluted with washing buffer containing 500 mM imidazole. (Left) Washing buffer contained 25 mM
Tris-HCI, pH 8.0, and 100 mM NaCl. (Middle) NaCl concentration was increased to 400 mM. (Right) NaCl concentration was increased to 600 mM.
Everything else in the washing buffer remained the same. M, molecular weight marker in kDa.

Ets binding sites. Mutations of Ets binding sites on the core
hTERT promoter at —293 bp (A), —190 bp (B), and —138
bp (C) from the transcription initiation site (see also Fig. 1)
alone or in combination increased the telomerase activity to
various extents, with the A site being most active, suggest-
ing its dominant role for the Ets inhibitory activity (Fig. 6a
and data not shown). Simultaneous mutations of site A and
the c-Myc binding site resulted in telomerase activity that
was decreased to the same level as for the c-Myc binding
site mutation alone, suggesting that the Ets inhibitory effect
through site A ismediated by c-Myc (Fig. 6b). Interestingly,
a mutation of an Ets binding site at —36 bp (site D), alone
or in combination with mutations in sites A, B, and C,
reduced telomerase activity, suggesting the existence of a
positive Ets regulatory effect mediated through D (Fig. 6¢
and data not shown). These results provide evidence for the
existence of negative and positive Ets regulatory sites and
for the complex interplay between Etg/ld family members
and c-Myec.

Telomerase activity of diverse cancer cell
lines—correlation with c-Myc and lack of correlation
with Sl and Ets

The possibility for negative and positive regulatory ef-
fects of Ets proteins on telomerase activity and the interplay
with c-Myc suggested the possibility that variability of
telomerase activity in diverse cancer cell lines could be
partialy due to modulation of a dominant c-Myc effect by
Ets/ld proteins or to Etgld interplay in the absence of
c-Myc. To begin to exploit this hypothesis we performed
preliminary studies with the NCI 60 cancer cell line panel.
Telomerase activity of these cells was measured by the
TRAP assay and the levels of c-Myc, Spl, and Ets expres-
sion were measured by Western blotting. Telomerase activ-
ity and the levels of c-Myc and Spl expression were highly
variable in the 58 cancer cell lines that were measured. The
levels of c-Myc and Spl were below the assay sensitivity in
7 and 8 cdl lines, respectively, while telomerase activity
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Fig. 5. Inhibitory effect of Ets factors on hTERT activity. (Left) Ets factors cloned into pLRN were transfected into K562 cells transiently and the telomerase
activity of transfected cells was analyzed using the TRAP assay 48 h after transfection. The hTERT activity from control cells was set at one and the others
were compared to the control. (Right) K562 cells stably transfected with various ETS factors as indicated were analyzed for their hTERT activity. Again,

control cell activity was assigned as one.
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Fig. 6. The effect of Etsl on the hTERT promoter activity. (a) Mutations of potential Ets binding sites as well as the Etsl effect on the hTERT promoter
was evaluated. WT, A, AB, and ABC, wild-type promoter or promoter with binding sites A, AB, or ABC mutated from -GGAA- to -TTAA-. (b) The
inhibitory effect of Etsisthrough other positive regulators. Wt, wild-type promoter; A and AM, binding sites A and c-Myc changes from -GGAA- to -TTAA-
and -CACGTG- to -CACGGA-. (c) Site D is a positive regulatory site of hTERT. AD, ABD, and ABCD, site changes from -GGAA- to -TTAA-. For site
D, only half of the two -GGAA- sites was changed. In each panel, the left represents transfection of reporter construct with pLRN plasmid, and the right

represents transfection of reporter construct with Etsl cloned in pLRN.

was detected in al cell lines. Seven cancer cell lines repre-
senting prostate, breast, and ovarian cancers with highly
variable telomerase activity were selected for measurements
of the levels of Ets expression (by using an antibody to
domain that is conserved among many Ets family members)
and cell doubling time (Table 1). c-Myc levels correlated
well (r = 0.55, n = 58, p < 0.001) with telomerase activity,
indicating its dominant role for telomerase regulation in
many (but not all) cancer cell lines; in contrast Spl and Ets
levels did not correlate (r = 0.15,n = 58; r = 0.16, n = 7,
p > 0.05). As expected there was very good negative
correlation between telomerase activity and cell doubling

time(r = 0.79,n = 7, p = 0.039). These results support the
notion for a dominant role of c-Myc in telomerase regula-
tion of cancer cells and the complex interplay with Spl and
Ets proteins.

Discussion

The regulation of telomerase activity is a multifactorial
process that involves a number of transcriptional factors
(Kyo and Inoue, 2002). This work adds another component
to this complex mechanism—Ets proteins and their inter-
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Table 1

Correlation between hTERT activity and cell doubling time and expression of critical regulatory factors

Cell/factor c-Myc Spl Ets Telomerase activity Doubling time
(AF/AR)

BT549 breast cancer + +++ 3500 0.27 54

MCEF-7 breast cancer + +++ 3930 1.48 25

MDAMBA435 breast cancer +++ ++ 3850 273 26

OVARCARS ovarian cancer + + 4750 0.14 49

OVARCARS ovarian cancer +++ ++ 4410 213 26

DU 145 prostate cancer ++ + 2280 0.31 32

PC3 prostate cancer +++ +++ 2830 172 27

Note. HTERT activity is described as F/R as instructed by the TRAP kit manufacturer. Doubling time is in hours and the expression of c-Myc, Spl, and
Ets is described in absolute units derived from phosphoimager quantification. +++, expression level comparable to that of PC3; +, level at the threshold

of detection; ++, levels in between.

play with c-Myc and Id proteins. Not only do Ets proteins
bind to the hTERT promoter but the activity of the different
binding sites can inhibit or enhance in dependence on the
position of the binding site and the presence of other tran-
scription factors, specifically c-Myc. Expression of different
Ets proteins also leads to different extents of telomerase
inhibition. We have not tested all Ets protein family mem-
bers but it seems plausible that they could exhibit a wide
range of positive or negative regulatory effects on the te-
lomerase activity. Similar considerations apply for the Id
family proteins and different combinations with Ets family
members. Because the Ets inhibitory effect is c-Myc depen-
dent one can expect that variationsin the c-Myc levels could
further modulate the extent of Ets protein influence on
telomerase activity. One can speculate that the Ets inhibi-
tory effect on the up-regulation of telomerase activity by
c-Myc is due to interference with c-Myc binding— experi-
ments are in progress to test this possibility. If this is the
case then the overall effect of Ets-Myc interplay could be
determined by the protein-DNA affinities and the protein
concentrations. A note of caution is that other potential Ets
binding sites not analyzed in this work could modulate
hTERT promoter activity without eliminating its respon-
siveness to the repressive effect of Ets. This possibility is
supported by our finding that hTERT promoter containing
mutationson sites A, B, C, and D was till recognized by the
EtsDBD. In addition, potentia Ets binding sites outside the
core hTERT promoter could play arole. For example, one
such potential site is 27 bp downstream from the transcrip-
tion initiation site (Horikawa et a., 1999). Further studies
are required to clarify the molecular details of Ets-mediated
telomerase regulation, although it is clear that these effects
are dependent on the interplay with other transcription fac-
tors, especially members of the Id protein family.

The dual effects of Ets on hTERT promoter activity
could be important for differentia effects of Ets factors on
telomerase activity in normal and cancer cells. In normal
cells Ets factors are expressed while c-Myc is not. It is
possible that Ets proteins upregulate hTERT expression in
normal cells since their inhibitory effect is c-Myc depen-
dent, whereasin cancer cells-Ets effects might be positive or

negative depending on the concentrations of Ets proteins
and c-Myec. Thisisalso consistent with the previousfindings
that Ets proteins can serve both as oncogenes and tumor
suppressors and differentiation and apoptosis-inducing fac-
tors (Maroulakou and Bowe, 2000; Sharrocks, 2001; Suzuki
et al., 1995). Interestingly, severa E2F proteins exhibit
somewhat similar opposing effects—repression of telomer-
ase activity in tumor cells and its up-regulation in normal
cells (Won et al., 2002).

Id proteins can induce cell proliferation and recent re-
ports show that they are overexpressed in various cancer
types, suggesting a role in carcinogenesis (Hasskarl and
Munger, 2002; Lasorella et a., 2001). We have recently
observed that 1d2 is overexpressed in a U937 subclone
(minus cells) with very low telomerase activity but rapid
cell division comparable to that of another U937 subclone
(plus cells) with very high telomerase activity and much
lower (10- to 50-fold) 1d2 expression (Xiao et a., 2002).
This observation appeared to indicate a negative correlation
of 1d2 expression with telomerase activity. However, in
view of the results reported here and data suggesting that
high levels of 1d2 inhibit the suppressor function of Rb
(Lasorella et al., 2002), it seems likely that 1d2 has a dual
function. It up-regulates hTERT expression by inhibiting
the suppressor effects of Ets proteins and drives rapid pro-
liferation by inactivating Rb even at low concentrations of
c-Myc. What could be an important consideration for diag-
nosis and therapies involving telomerase is that high con-
centrations of Id proteins appear to be able to drive cancer
cell division at very low, barely detectable levels of telom-
erase activity. What upregulates 1d2 at the low c-Myc con-
centrations in the minus U937 cells remains unclear. It has
been suggested that blocking 1d2 activity could be an im-
portant strategy for treatment of cancer because of the 1d2
inactivating effect on Rb (Lasorellaet al., 2002). Our results
suggest that inactivating 1d2 in cancer cells could have an
additional beneficial effect of downregulating telomerase
activity.

Previous studies have provided evidence that c-Myc and
Spl are involved in hTERT transcriptional regulation (Kyo
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and Inoue, 2002). However, in some cancer cells telomerase
activity apparently can be regulated independently on
c-Myc (Drissi et a., 2001). We found that in the 60 cancer
cell line panel there was a general correlation between the
c-Myc expression and telomerase activity. However, many
cancer cell lines with undetectable c-Myc exhibited high
telomerase activity and vice versa. This suggests that, a-
though c-Myc plays an important role in the regulation of
the telomerase activity in cancer cells, other factors could be
equally important. Among them Spl certainly playsarolein
the hTERT expression regulation although we did not find
any correlation between its expression and telomerase ac-
tivity for the NCI 60 cancer cell line panel. There was no
correlation between the Ets concentration and telomerase
activity for 7 cancer cell lines. Although the number of cell
lines tested is relatively small to make any definite conclu-
sions, it appears likely that the lack of correlationisvalid for
many cancer cells probably due to the ability of the Ets
proteins to regulate telomerase activity both positively and
negatively. In addition, because of the large number of the
Ets family members (more than 30), it islikely that different
members could regulate telomerase activity differently. Of
note is that the antibody used for Western blotting of the 7
cancer cell lines does not distinguish between individual
members of the Ets family. Experiments are in progress to
examine the levels of different members of the Ets and Id
families in the NCI panel of 60 cancer cell lines and how
they correlate with telomerase activity.

In conclusion, our data further support the role of I1d and
Ets proteins for telomerase regulation in cancer cell lines
and provide a molecular mechanism. While c-Myc is a
major determinant of the telomerase regulation in many
cancer cell lines, 1d and Ets proteins could be critical for the
fine regulation and diversity of telomerase activity through
effects on the hTERT promoter.
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